Epitaxial thin films of a novel magneto-dielectric perovskite compound, Ba(Fe 0.5 Sn 0.5 )O 3¹¤ (BFSO), have been synthesized on (001) SrTiO 3 single crystalline substrates. The BFSO thin films have ferromagnetic nature, with saturation magnetization of 34 emu/cc at 300 K. The origin of the ferromagnetic nature of BFSO is the superexchange coupling of Fe
Introduction
Over the last two decades, magneto-dielectric materials have been drawing considerable interest, not only because of their potential application to novel magneto-electric devices, such as spin transistor-type memories, but also because of the fundamental physics of their exchange interactions. It is therefore important to continue to develop novel magnetodielectric materials for future applications in electronics and spintronics. 13) We have conducted long-term intensive studies of BaFeO 3¹¤ single crystalline films that may contain unusual Fe ion tetravalent states. 46) We have found that this material has several unique natures, including fairly high electrical resistivity and antiferromagnetic spin ordering with a small parasitic ferromagnetic component, even at room temperature. In addition, we also found that Zr substitution of the Fe ions in these materials significantly improved their dielectric and magnetic properties. 711) In perticular, the magnetodielectric properties of Ba(Fe 1¹x Zr x )O 3¹¤ thin films were significantly enhanced when the Zr substitution level x was 0.8. As a result, single crystalline Ba(Fe 0.2 Zr 0.8 )O 3¹¤ (BFZO) films were found to be a good room-temperature ferromagnetic insulator. 8, 10, 11) From this viewpoint, it is interesting to develop novel magneto-dielectric materials that contain unique tetravalent Fe ions. This is because the 180°superexchange coupling of Fe
) is expected to have a ferromagnetic nature. In this study, we have focused on Sn ions, which are considered to be very stable when they exist in the tetravalent state, as a substitution element for BaFeO 3 . It must also be noted here that BaSnO 3 itself is a potential dielectric material. 1214) We therefore expect that the Sn substitution of Fe sites in BaFeO 3 may significantly improve the material's dielectric natures.
Based on the aspects mentioned above, we have tried to synthesize Sn substituted BaFeO 3¹¤ thin films on SrTiO 3 (STO) single crystal substrates to form a new magnetodielectric material. In this paper, we discuss the possible enhancements to the magnetic and dielectric natures of single crystalline Ba(Fe 0.5 Sn 0.5 )O 3¹¤ (BFSO) thin films.
Experimental Procedure
BFSO thin films with thicknesses of 60 nm were synthesized on (001) STO and Nb-doped STO (Nb-STO) single crystal substrates by pulsed laser beam deposition using KrF excimer laser ( = 248 nm, 2 Hz). The BFSO bulk target was prepared via a conventional ceramic process from a stoichiometric mixture of BaCO 3 , ¡-Fe 2 O 3 , and SnO 2 powders. The oxygen partial pressure during deposition and the subsequent cooling process was maintained at 13.33 Pa.
Structural characterizations of the deposited films were performed by X-ray diffraction (XRD). Electron beam diffraction (ED) measurements were also carried out to confirm the epitaxial growth of these films. The magnetization loops were measured using a superconducting quantum interference device magnetometer over the temperature of 5300 K. For measurement of the electrical and dielectric properties, Pt upper electrodes were deposited on the BFSO/ Nb-STO samples by ion beam sputtering at room-temperature. The leakage properties were then measured via a twoprobe technique and the dielectric properties were evaluated using an LCR meter under an applied bias field of 0 V. Figure 1 shows a typical XRD ª2ª profile for a BFSO thin film sample. As is obviously shown, only the (00L) peaks for perovskite BFSO and the (00L) peaks for the STO substrate were observed. Identical results were obtained for the samples deposited on the Nb-STO substrates. The ED pattern of the BFSO thin film sample is also shown in Fig. 2 , which clearly indicates the epitaxial growth of BFSO on the (001) STO substrate with an orientation relationship of (001)BFSO//(001)STO, [100]BFSO//[100]STO. Note that no super-structured diffraction spots are observed in the pattern, which suggests that the formation of a double perovskite structure throught the structural ordering of the Fe
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and Sn ions cannot be realized. The lattice constants a and c are determined to be 0.386 and 0.413 nm, in accordance with the results of ED and XRD measurements, respectively. These values correspond well to the lattice constant of the STO substrate (0.3905 nm) and that of the bulk BFSO (0.410 nm). Overall, the BFSO films are observed to grow epitaxially on STO and Nb-STO substrates with pseudocubic perovskite type crystal structures. Figure 3 shows the magnetization loops of BFSO film samples that were measured at 300 K. The loops for the BFZO film samples with Zr substitution levels (x) of 0.5 and 0.8 are also shown for comparison. As shown in the figure, the BFSO film sample had a ferromagnetic nature even at room temperature. The saturation magnetization values are found to be 34.1 and 14.8 emu/cc, and are attributed to the magnetic moments per Fe ion of these materials, which were 0.451 and 0.196 µ B /Fe ion at 5 and 300 K, respectively. It is also found that the saturation magnetization is almost same as that of the BFZO sample with x = 0.5, but it slightly smaller than that of the BFZO sample with x = 0.8. Next, we discuss the dielectric properties of the BFSO film samples, which are significantly enhanced in comparison to those of the BFZO film samples. The measured I-V properties of the BFSO and BFZO (x = 0.8) film samples are shown in Fig. 4 . A schematic illustration of the measurement circuit is also shown as an inset. The data for the BFZO film samples show that dielectric breakdown occurred at an applied electric field of approximately 200 V/cm. In contrast, the leakage current density of the BFSO film samples is found to be quite small at fields below 200 V/cm, which means that we have improved the dielectric properties of the material by changing the substitution element from Zr to Sn.
We now discuss the possible reasons why the leakage currents of BFSO films increase dramatically at fields of over 200 V/cm. Figure 5 shows the ln J vs ln E plot for the same data shown in Fig. 4 . A typical charge trap region is clearly observed in the low electric field region of the plot. As in the case of a space charge limited current (SCLC), the conduction current usually increases in accordance with the relationship J £ V 2 when all charge trap sites have been occupied by electrons. In the present case, a leakage current governed by the relationship J £ V 2 can be observed. Therefore, the electrical conduction type of the Pt/BFSO/ Nb-STO samples was determined to be SCLC. In the low electric field region, the BFSO film samples showed higher resistivity than that of the BFZO (x = 0.8) film samples. It is therefore considered that we succeeded in improving the dielectric properties of the material in the low electric field region. However, in the high electric field region, the leakage current increased dramatically. We believed that this is because the trap sites were filled by the space charge. Therefore, this suggests that when a high electric field is applied, the total leakage current will increase. If this is correct, we will be able to alleviate this problem through improvements in the film quality such as reduction of the oxygen deficiency by optimization of the deposition conditions and increments in the film thickness. Finally, we must discuss the frequency dependence of the dielectric constant and the dielectric loss, which is shown in Fig. 6 . The dielectric loss showed a peak at around 10 4 Hz, which suggests trapped carriers. This behavior also indicates that the electrical conduction in BFSO is SCLC type.
As mentioned in the previous paragraphs, BFSO films are considered to be fairly good dielectric insulator films. BFSO films also have potential to further increase their saturation magnetization and reduce their leakage currents in comparison to the results presented here. For example, the relationship between the saturation magnetization and the leakage current can be optimized by investigating the dependence of this relationship on parameters such as the film thickness and the degree of Sn substitution, and the effect of co-substitution with Sn and Zr. We will address these aspects in separate papers in the near future. (d 4 ) ferromagnetic coupling, similar to that of BFZO. The electrical conduction was determined to be space charge limited type conduction, although the leakage current did increase under high electric fields. 
Summary
